Few studies have investigated discomfort caused by multi-axis vibration and none has explored methods of predicting the discomfort of standing people from simultaneous fore-and-aft, lateral, and vertical vibration of a floor. Using the method of magnitude estimation, 16 subjects estimated their discomfort caused by dual-axis and tri-axial motions (octave-bands centred on either 1 Hz or 4 Hz with various magnitudes in the fore-and-aft, lateral, and vertical directions) and the discomfort caused by single-axis motions. The method of predicting discomfort assumed in current standards (square-root of the sums of squares of the three components weighted according to their individual contributions to discomfort) provided reasonable predictions of the discomfort caused by multi-axis vibration. Improved predictions can be obtained for specific stimuli, but no single simple method will provide accurate predictions for all stimuli because the rate of growth of discomfort with increasing magnitude of vibration depends on the frequency and direction of vibration.
Introduction
People are exposed to vibration in many forms of transport. While it is often possible to sit, there are many situations where it is necessary to stand during all, or part, of a journey. The discomfort caused by vibration has been studied for seated people and standards have been evolved. There has been less investigation of the discomfort caused by the vibration of standing people.
Studies with seated people have mostly investigated how vibration discomfort depends on the magnitude, frequency, waveform, and duration of vertical vibration (e.g., Donati et al. 1983; Parsons and Griffin, 1988; Ruffell and Griffin, 1995; Morioka and Griffin, 2006) . Some studies have explored the discomfort of seated people exposed to non-vertical vibration (e.g., Griffin et al., 1982; Morioka and Griffin, 2006) , and some have investigated methods of predicting the vibration discomfort of standing people Griffin, 2011a,b,c, 2012) . A few studies have investigated the discomfort caused by dual-axis vibration (e.g., Griffin and Whitham, 1977; Fairley and Griffin, 1988; Mistrot et al., 1990; Griefahn and Brode, 1999) but there are no known systematic investigations of methods of predicting the discomfort caused by the tri-axial vibration of either seated or standing people.
Experimental studies have been conducted with seated people exposed to dual-axis sinusoidal vibration. The findings suggest that the discomfort caused by multi-axis vibration can be predicted from the square-root of the sums of the squares of the components in each axis, weighted according to their individual contributions to discomfort (e.g., Griffin and Whitham, 1977; Fairley and Griffin, 1988; Mistrot et al., 1990; Griefahn and Brode, 1999) . This is the basis for British Standard 6841 (1987) and International Standard 2631-1 (1997) recommending the calculation of the root-sum-ofsquares when evaluating the severity of multi-axis vibration. An alternative method for 3
The vibration discomfort of standing people: evaluation of multi-axis vibration Thuong, O. & Griffin, M. J. 3 Oct 2015 In : Ergonomics. 58, 10, p. 1647 -1659 predicting the discomfort caused by multi-axis vibration is based on a 'masking' model. It is assumed that the most uncomfortable vibration components reduce the effect of secondary components, so the total discomfort is the sum of the discomfort caused by the main component and a fraction of the discomfort caused by secondary components (e.g., Griffin and Whitham, 1977) .
With standing people exposed to multi-axis vibration, this experiment was designed to determine a method of predicting their vibration discomfort (i.e., Ψ total ) from the discomfort (i.e., Ψ x , Ψ y and Ψ z ) caused by each of the single-axis components of the multi-axis motion.
Method

Equipment
Motions were produced by a simulator designed to expose people to fore-and-aft, lateral, vertical, roll, pitch, and yaw vibration with a maximum displacement of ±250mm in the fore-and-aft and lateral directions and ±500 mm in the vertical direction (Figure 1 ).
Although the simulator was capable of roll, pitch and yaw oscillation, only translational vibration was used in this study. The simulator was controlled by a Pulsar Digital Controller (Servotest Systems, Egham, UK). Motion stimuli were generated in Matlab (version 14009a) using the Matlab Toolbox HVLAB HRV (version 1.1) developed in the Human Factors Research Unit (University of Southampton).
FIGURE 1 AROUND HERE
The vibration was monitored using Setra 141A capacitive accelerometers secured to the simulator table. The signals from the transducers were sampled by a Pulsar Digital Controller software at 256 samples per second after low pass filtering at 64 Hz.
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Motions
Subjects were exposed to vibration stimuli with components in one, two, or three of the translational directions: fore-and-aft, lateral, and vertical. The vibration stimuli were 6-s periods of octave-band random vibration centred on either 1 Hz (i.e., in the range 0.7 to 1.4 Hz) or 4 Hz (i.e., in the range 2.8 to 5.6 Hz). These waveforms were chosen because they have well-defined frequency content and are similar to the transient motions present in some transport environments.
Motion stimuli were presented in pairs: the first motion was called the 'reference motion' and the second was called the 'test motion'. Within a pair of stimuli, the reference motion and the test motion had the same frequency.
The reference motion was tri-axial vibration, composed of fore-and-aft, lateral, and vertical vibration with magnitudes as indicated in the first row of Table 1 . For both frequencies, the reference motion had the same waveform throughout the experiment.
The test stimuli were constructed with fore-and-aft, lateral, and vertical vibration having all possible combinations of the five magnitudes indicated in Table 1 . When the magnitude in one or two directions was zero, the test motion was, respectively, dual-axis or single-axis. Since the magnitude in each of the three axes was one of five preselected magnitudes (including 0, being a possible magnitude), there were 5x5x5=125 different stimuli. A stimuli with a magnitude of 0 in all directions is not of interest and was removed, therefore a total of 124 stimuli were presented with both frequencies. A different waveform was used for each magnitude and each direction of vibration. For a given magnitude and direction, the waveform was the same for all subjects.
TABLE 1 AROUND HERE 5
The vibration discomfort of standing people: evaluation of multi-axis vibration Thuong, O. & Griffin, M. J. 3 Oct 2015 In : Ergonomics. 58, 10, p. 1647 -1659 The vibration magnitudes in each direction were chosen, based on previous results (Thuong and Griffin, 2012) , so that at both frequencies they would cause approximately equivalent discomfort.
Procedure
Subjects attended two sessions, one for each frequency of vibration (i.e., 1 or 4 Hz), during which they judged 124 test motions relative to either a 1-Hz tri-axial reference motion or a 4-Hz tri-axial reference motion. The stimuli were presented in a different randomized order to each subject.
After each pair of stimuli, subjects were asked to provide a number reflecting the discomfort caused by the test stimulus assuming the discomfort caused by the reference was 100. The vibration pair could be repeated if the subjects were unsure of their answer. No particular instruction was given to the subjects as to how to rate discomfort, or in which part of the body discomfort should be felt.
Subjects
Sixteen healthy male university students and staff with median age 25 years (range 19 to 30 y), stature 178 cm (165 to 198 cm), weight 76 kg (50 to 104 kg) participated in the study. They attended two sessions with each session lasting approximately 80 minutes. 
Conditions and posture
The subjects wore socks but no shoes and wore a loose harness in case they should fall (Figure 1 ). The harness did not provide support or restrict movement when subjects 6
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Subjects maintained an upright posture, with their knees locked, and kept their eyes closed. Their feet were parallel and separated so that their lateral 'base of support' (distance between the outer edges of their feet) was 350 mm (i.e., the median shoulder width for adult males (Pheasant, 1988) .
Subjects wore headphones delivering broadband noise at 65 dB(A) and providing some acoustic isolation from noises produced by the simulator, which were always less than 51 dB(A) at the location of the subjects.
Analysis
Some of the motion stimuli had a magnitude of zero in two of the directions, so they were single-axis stimuli. In each of the three axes, the magnitude could take one of four non-zero values, so there were 12 single-axis motion stimuli. With both frequencies, subject judgments indicated the discomfort caused by these 12 single-axis motions. This provided the discomfort of each component in the 112 dual-axis or tri-axial motions at each frequency.
Power summation methods
Subject judgements of the discomfort caused by all multi-axis motions were compared with the discomfort predicted from the discomfort caused by the single-axis motions using a 'power summation' method:
where:
Ψ total is the discomfort of the multi-axis motion 7
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When α =1 the discomfort of the multi-axis motion is predicted by the linear sum of the discomfort in each direction. When α=∞ the discomfort of the multi-axis motion is predicted by the discomfort of the most uncomfortable component Assuming the predicted discomfort is greater than the measured discomfort when α=1 and less than the measured discomfort when α=∞, there must be an intermediate value of α for which the discomfort predicted by Equation (1) does not differ significantly from the measured discomfort. For an individual subject, the optimal value was assumed to be when the predicted discomfort changed from being greater than the measured discomfort to being less than the measured discomfort. Over the group of subjects, or for any individual subject, the optimal value was considered to be when the p value in the Wilcoxon matched-pairs signed ranks test comparing predicted and measured values reached the maximum value of 1.0.
Masking methods
With dual-axis vibration, it is assumed that the discomfort caused by a secondary component is reduced because it is 'masked' by the discomfort caused by the most uncomfortable component (Griffin and Whitham, 1977) . In the summation procedure, the two discomforts are added but the discomfort of the secondary component is multiplied by a masking coefficient with a value between 0 and 1. With tri-axial vibration, this may be expressed as:
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The discomfort caused by the two secondary components is mainly determined by the most uncomfortable of the two (of subjective magnitude Ψ 2 ), as the effect of the smallest component is reduced by a similar masking effect. It is assumed that the masking coefficient, A, is the same because the masking effect is similar:
As a consequence:
Where Ψ total is the predicted discomfort of the multi-axis vibration and Ψ 1 , Ψ 2 , and Ψ 3 are the subjective magnitudes of, respectively, the most uncomfortable component, the second most uncomfortable component, and the least uncomfortable component.
If A=0, secondary components are completely masked by the main component and the model is equivalent to the 'worst component' model. If A=1, no masking occurs and discomfort is predicted by the linear sum of the discomfort caused by all components.
A value of the masking coefficient, A, in the range 0 to 1 can be expected, at which there is no significant difference between the predicted and measured discomfort caused by multi-axis vibration. This value was determined in a similar way to the optimal exponent for the power summation method (Section 2.6.1).
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Worst component methods and linear sum
At both frequencies and for all subjects, the method of linear sum (i.e., α=0 or A=1) overestimated the vibration discomfort (p<0.05). The method of the worst component (i.e., α=∞ or A=0) significantly underestimated the discomfort for 11 subjects at 1 Hz, and for 14 subjects at 4 Hz (p<0.05). These results are consistent with the assumptions in Sections 2.6.1 and 2.6.2.
Optimal summation method
The p-values obtained when comparing the measured discomfort with the discomfort predicted using Equation (1) 
FIGURE 2 AROUND HERE
For small values of the exponent α (α<2.56 at 1 Hz, α<2.82 at 4 Hz), the predicted discomfort was significantly greater than the measured discomfort (p<0.05). For high values of α (α>2.88 at 1 Hz, 3.14 at 4 Hz), the predicted discomfort was significantly less than the measured discomfort (p<0.05).
The ranges of values for α for which the predictions were not significantly different from the measured discomfort are shown in Table 2 and as shaded areas in Figure 2 .
TABLE 2 AROUND HERE
The results suggest that values of α between 2.6 and 2.9 may be optimum for 1-Hz vibration, and values of α between 2.8 and 3.1 may be optimum for 4-Hz vibration.
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FIGURE 3 ABOUT HERE
Masking method
Values of the masking coefficient in the range 0 to 1 that resulted in no significant difference from the reported discomfort (i.e., p>0.05, Wilcoxon) are shown as shaded areas in Figure 4 .
FIGURE 4 ABOUT HERE
The ranges of A-values, as used in Equations 2, 3 and 4, for which the predicted discomfort was not significantly different from the reported discomfort are indicated in Table 2 . With A=0.19, the discomfort of the multi-axis motions, Ψ total , was well predicted with both frequencies of vibration: where Ψ 1 , Ψ 2 , and Ψ 3 are the subjective magnitudes of the most uncomfortable, the second most uncomfortable, and the least uncomfortable component, respectively.
The effect of different relative magnitudes between components
Some of the test stimuli consisted of three components of similar equivalent subjective magnitude while other stimuli had a main component much more uncomfortable than the other components. A masking coefficient might be suitable for a limited range of relative magnitudes between components. The optimal methods may provide a useful overall average for the selection of stimuli presented in this study but, for example, underestimate homogeneous stimuli and overestimate highly heterogeneous stimuli.
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If the three components produced similar discomfort, H was close to 1. If two of the components were negligible compared to a dominant component, H was close to 3.
Examples of tri-axial motions with heterogeneities 1, 1.5, 2, 2.5, and 3 are shown in Figure 5 . These examples were created to demonstrate the concept of heterogeneity and were not necessarily motion stimuli used in the experiment. The error in the predicted discomfort for stimuli with a low heterogeneity (i.e., motions for which the three components are similar) depends on the exponent, α. As expected, for these stimuli the discomfort was overestimated by the linear sum and underestimated by the 'worst component' to a greater extent than motions with one dominant component.
When α=2.85, the heterogeneity, H had little effect.
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The vibration discomfort of standing people: evaluation of multi-axis vibration Thuong, O. & Griffin, M. J. 3 Oct 2015 In : Ergonomics. 58, 10, p. 1647 -1659 The effect of H on the prediction error is compared between the power summation method (with α=2.85) and the masking method (with A=0.19) with data pooled for both frequencies in Figure 8 . A systematic trend is apparent with the masking method: motions with H>2 were, on average, slightly overestimated while motions with H<1.5 were underestimated. Although the median errors are small in both cases, the power summation method may be preferred as the coefficient is less dependent on the choice of test stimuli. Motions with H>2.5 tended to be overestimated by both methods, but this may have resulted from a small number of test stimuli.
FIGURE 8 AROUND HERE
It may be concluded that an exponent of about 2.85 is applicable to multi-axis motions with different relative subjective magnitudes between components and that it is not the result of the choice of multi-axis vibration stimuli used in the experiment.
The effect of stimulus magnitude
If the error in predicting vibration discomfort is defined as:
the error will be positively correlated with Ψ predicted and negatively correlated with Ψ measured . To investigate the effect of vibration magnitude on the prediction error, an unbiased estimate of the subjective magnitudes of the stimuli was chosen:
The prediction error obtained using the power summation model with α=2.85 is shown in 
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The vibration discomfort of standing people: evaluation of multi-axis vibration Thuong, O. & Griffin, M. J. 3 Oct 2015 In : Ergonomics. 58, 10, p. 1647 -1659 FIGURE 9 AROUND HERE At both frequencies, and with all categories of stimuli, the median prediction error is close to zero with no systematic effect of subjective magnitude. This suggests that the optimal prediction method was suitable for the whole range of subjective magnitudes and not a result of the choice of vibration stimuli used.
Discussion
Power summation methods in the literature
Standardised method
In International Standard 2631-1:1974 (now obsolete), it was recommended that the discomfort of multi-axis vibration should be estimated from the discomfort of the most severe single-axis component. This 'worst component method' was changed by an amendment in 1982 and, thereafter, ISO 2631 has recommended that the root-sum-ofsquares of the weighted accelerations in all axes should be used when evaluating vibration with respect to comfort:
where a wx , a wy , and a wz are the frequency-weighted r.m.s. accelerations in the fore-andaft, lateral, and vertical directions, respectively, and k x , k y , and k z are multiplying factors that take into account human sensitivity to vibration in each axis.
Previous studies
Methods of predicting the discomfort of seated people exposed to dual-axis vibration (combined lateral and vertical 3.15-Hz sinusoidal vibration) from the discomfort of the
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The discomfort produced by the multi-axis and single-axis stimuli was measured by the 'equivalent magnitude' of a single axis motion (either vertical or lateral) that caused equivalent discomfort. The discomfort of the multi-axis stimuli was therefore predicted from the physical magnitudes of the single-axis components and not their subjective magnitudes (i.e., discomfort). It was concluded that the linear sum of equivalent component magnitudes overestimated the discomfort of dual-axis vibration. The masking model, when optimized, fitted the data slightly better than the root-sum-of-squares, which was an expected result of the optimization of the masking parameters. However the root-sum-of-squares provided satisfying predictions and was considered more suitable for practical use.
A similar method has been used to investigate the discomfort of seated subjects exposed to dual-axis (fore-and-aft and vertical, and lateral and vertical) 3.15-Hz and 6.3-Hz sinusoidal vibration (Mistrot et al., 1990) . The predictions with power-summation methods differed from the experimental results with exponents of 1, 3, 4, 5 and ∞, but with an exponent of 2 there was no significant difference. A similar approach was taken by Griefahn and Bröde (1999) who found that an exponent of 1 or 2 was better than an exponent of 3, suggesting the most appropriate exponent was between 1 and 2.
A different approach was taken by Fairley and Griffin (1988) who predicted the discomfort of seated subjects exposed to dual-axis (fore-and-aft and vertical) vibration from the discomfort (i.e., the subjective magnitudes) caused by the two component motions rather than from their physical magnitudes, and assumed a power summation method could be used to predict the discomfort, similar to Equation (1). The optimal exponent was found to be around 2, with no large difference when the vibration frequency varied from 2.5 Hz to 10 Hz. The linear sum method overestimated, and the
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Ratios between subjective magnitudes in the two axes varied from 1:9 to 9:1, similar to the present experiment where the acceleration ratios between components varied from 1:8 to 8:1. However, unlike the present experiment where the discomfort of each singleaxis components was obtained by magnitude estimation, Fairley and Griffin (1988) estimated the discomfort of single-axis components assuming discomfort was linearly related to vibration magnitude.
The discomfort, ψ, produced by sinusoidal vibration varies as a function of acceleration magnitude, φ, according to a power law:
For the whole-body vibration of standing people, the value of n has been reported to be around 0.7 (Thuong and Griffin, 2011a) .
When predicting the discomfort of multi-axis vibration from the single-axis components, the exponent of 2 has been found for summing the weighted accelerations (i.e., physical magnitudes) but not for summing the discomfort (i.e., subjective magnitudes; Mistrot et al, 1990) .
If the discomfort, ψ, caused by a vibration stimulus is expressed in terms of the 'equivalent magnitude' (i.e., the magnitude of a reference vibration that causes equivalent discomfort), and the total discomfort of a multi-axis stimulus (a total,eq ) can be predicted from the three equivalent accelerations using a power summation method with a power (i.e., exponent) β, then:
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So the rate of growth of discomfort in the reference vibration, n, affects the exponent, α, in the summation procedure:
Comparison of present results with previous studies
In the study by Griffin and Whitham (1977) , the adjustable stimulus was a 3.15-Hz vertical or lateral vibration, whereas in the study by Mistrot et al. (1990) , the adjustable stimulus was a 3.15-Hz or 6.3-Hz fore-and-aft or lateral vibration. In those conditions, the median rate of growth of sensation n is expected to vary from 0.50 to 0.95 for the adjustable vibration, due to variations in the value of n with the frequency and direction of vibration (Morioka and Griffin, 2006) . Assuming α =2.85 (see Equation 1), the optimal value in the present study, the value of β fell between 1.4 (β =2.85x0.50) and 2.7 (β = 2.85x0.95) (Equation 13). Despite the differences in the stimuli and the experimental methods, this is consistent with the value of β=2 recommended in those studies, in which integer values of β were privileged.
Predicting the discomfort of multi-axis vibration
The experimental results showed that the discomfort of a multi-axis vibration could be predicted with no bias when using either a power summation model or a masking model: 
The vibration discomfort of standing people: evaluation of multi-axis vibration Thuong, O. & Griffin, M. J. 3 Oct 2015 In : Ergonomics. 58, 10, p. 1647 -1659 The masking model seemed to require calibration to suit particular relative magnitudes of components, although the effect was small (Section 4.1). The power summation model was equally suitable for all relative magnitudes and the prediction error was not dependent on the subjective magnitude of the vibration stimuli (Section 4.2). These results suggest that the optimized power summation model was not the result of the choice of vibration magnitudes or the composition of the multi-axis stimuli, and that it is applicable in a broader range of situations.
For practical applications, it is convenient to predict vibration discomfort from the physical magnitudes of the components of a vibration, as their subjective magnitudes are not known. As shown in Equation (13), the required exponent, β, is equal to the exponent α multiplied by the rate of growth of sensation, n. The rate of growth depends on the direction and the frequency of vibration (Thuong and Griffin, 2011a) . For standing people exposed to vibration in the frequency range 0.5 to 16 Hz, n varies between about 0.4 and 1.5, with an average value of 0.72. This suggests that although β should also depend on the frequency and direction of vibration, the vibration discomfort associated with multi-axis multi-frequency vibration might be estimated using a value of β calculated from the average value of n (i.e., 0.72) and the optimal value of the exponent α (i.e., 2.85):
Considering the wide variability in n, the more practical value of 2.0 for β seems appropriate when estimating vibration discomfort from the physical magnitudes of the three components of tri-axial vibration:
The vibration discomfort of standing people: evaluation of multi-axis vibration Thuong, O. & Griffin, M. J. 3 Oct 2015 In : Ergonomics. 58, 10, p. 1647 -1659 A frequency weighting is required for each axis (Thuong and Griffin, 2011a) to obtain the three frequency-weighted components (a wx , a wy , a wz ), which are then adjusted according to differences in sensitivity between the three axes (Thuong and Griffin, 2012 ) using multiplying factors (k x , k y , k z ), before being summed to predict the overall vibration discomfort of the multi-axis multiple frequency vibration.
Conclusion
Although not optimum for all vibration stimuli, when standing people are exposed to multi-axis random vibration, it seems reasonable to estimate their vibration discomfort from the root-sums-of-squares of the frequency-weighted vibration magnitudes in each of the three directions of translational vibration, as recommended in standards.
No great difference in the optimum method of predicting the discomfort of multi-axis vibration was found between 1-Hz vibration and 4-Hz vibration, although these two frequencies cause the discomfort of standing people by different mechanisms (Thuong and Griffin, 2011a) .
A model for combining the discomfort caused by each axis of vibration was found to be applicable to multi-axis stimuli with different total magnitudes and different relative magnitudes between components. However, the root-sum-of-squares of the frequencyweighted vibration magnitudes in each axis will not provide an optimal prediction of discomfort for all stimuli because the rate of growth of discomfort with increasing magnitude of vibration depends on the frequency and the direction of vibration excitation.
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